The first GC and GC/MS analyses of the essential oils hydrodistilled from dry leaves of Arctostaphylos uva-ursi and Vaccinium vitis-idaea enabled the identification of 338 components in total (90.4 and 91.7% of the total GC peak areas, respectively). Terpenoids, fatty acids, fatty acid-and carotenoid derived compounds were predominant in the two samples. Both oils were characterized by high relative percentages of α-terpineol and linalool (4.7-17.0%). Compositional data on the volatiles of the presently analyzed and some other Ericaceae taxa (literature data) were mutually compared by means of multivariate statistical analyses (agglomerative hierarchical cluster analysis and principal component analysis). This was done in order to determine, based on the essential oil profiles, possible mutual relationships of the taxa within the family, especially that of species from the genera Arctostaphylos and Vaccinium. Results of the chemical and statistical analyses pointed to a strong relation between the genera Vaccinium and Arctostaphylos.
Introduction
It has been known for centuries that leaves of Arctostaphylos uva-ursi (L.) Spreng., Ericaceae (Bear's grape, bearberry) possess powerful astringent activity, mainly due to the presence of glycosides such as arbutin [1] . In 1601, Clusius reported its earlier use by Galen (ca. 130-200 C.E.) as a hemostatic. In modern Western medical practice, its use seems to begin with Spanish and Italian physicians (ca. 1730-1740 C.E.) for calculus complaints [2] . For more than 100 years now this plant species has been official in nearly all Pharmacopeias and is widely used for treating bladder and kidney disorders, inflammatory diseases of the urinary tract, urethritis, cystitis, for strengthening and imparting tone to the urinary passages, etc. [1, 2] . During collection, bearberry is commonly confused with cowberry (Vaccinium vitis-idaea L.) and box (Buxus sempervirens L.). Poisonous B. sempervirens (similar morphological characteristics, but without the pharmacologically active arbutin) has occasionally been used to adulterate the drug [1, 3] . Vaccinium vitis-idaea and other representatives of the genus Vaccinium (Ericaceae), on the other hand, could be regarded as suitable substitutions for A. uva-ursi (comparable content of arbutin and similar pharmacological action of leaves' infusions) [1] . Some recent studies have shown that biologically active phenologlycosides, simple phenols, flavonoids, tannins, polysaccharides, etc. are also present in V. vitis-idaea and A. uva-ursi [4] [5] [6] [7] [8] .
It has been previously shown that essential oils may, despite their small yield, contribute to the medicinal properties of the plant [9] . Moreover, volatile metabolites could be potentially used as a tool which could give a quick insight to the presence/absence (i.e. expression) of a certain biosynthetic "apparatus" in some plant taxa, and to some extent, to the (dis)similarity of the compared species on a molecular level [10] . To the best of our knowledge, there are no previous reports on the essential oil profile of A. uva-ursi and there is a limited data concerning the volatiles of V. vitis-idaea and only of the berries [11, 12] . Thus, the aim of this work was set to analyze in detail (using GC and GC/MS) and compare the chemical composition of the essential oils hydrodistilled from the dry leaves of A. uva-ursi and V. vitis-idaea, in order to determine if any further phytochemical similarities between the two species exist. Comparison of the compositional data of the oils from a number of Ericaceae taxa (present study and the literature data [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] ) was achieved using multivariate statistical analyses (MVA: agglomerative hierarchical cluster analysis (AHC) and principal component analysis (PCA)). Table 1 ), representing 90.4 and 91.7% of the total GC peak areas, respectively. The major contributors to the V. vitis-idaea oil were α-terpineol (17.0%), pentacosane (6.4%), (E,E)-α-farnesene (4.9%), linalool (4.7%) and (Z)-hex-3-en-1-ol (4.4%). The same two constituents, α-terpineol (7.8%) and linalool (7.3%), were predominant in the oil of A. uva-ursi, additionally characterized by hexadecanoic acid (4.5%) and (E)-geranyl acetone (4.1%). Another common feature of the analyzed oils was the presence of terpenoids (46.8 and 49.5% in A. uva-ursi and V. vitis-idaea oils, respectively) and fatty acid derived compounds (34.1% -V. vitis-idaea, 10.7% -A. uva-ursi oil) in high relative amounts. Fatty acids and fatty acid esters (F, 11.8%), and carotenoid derived compounds (CD, 14.1%) represented a significant portion of A. uva-ursi oil. The mentioned constituents belonging to F and CD classes were identified in the V. vitis-idaea oil as well, but were present in a considerably smaller relative amount. In respect to the skeleton-types of the identified constituents, the monoterpenoid fractions of both V. vitis-idaea and A. uva-ursi oils could be considered as rather simple. Interestingly, not taking into account some trace constituents, the monoterpenoid fractions of both oils were completely comprised of oxygenated derivatives. In V. vitis-idaea oil only acyclic (7.6%), p-menthane (19.8%) and pinanetype (tr) monoterpenoids were detected. Acyclic (14.7%) and monoterpenoids with a p-menthane (17.4%) skeleton dominated the monoterpenoid fraction of A. uva-ursi oil as well, and only small relative amounts of pinane (0.4%), bornane (2.2%) and thujane-type (0.9%) compounds were detected. α-Terpinyl cation, produced by the biosynthetic cyclization of linalyl diphosphate, the intermediate from which p-menthane type monoterpenoids are derived, is known to be the precursor of other classes of cyclic monoterpenoids including bornanes, pinanes and thujanes [24] . Biosynthesis of linalool is closely related to linalyl diphosphate, and α-terpineol could be considered as a direct biosynthetic product of α-terpinyl cation, formed by quenching the mentioned cation with water [24] . Both linalool and α-terpineol were by far the most abundant compounds in the monoterpenoid fractions of A. uva-ursi and V. vitis-idaea oils. Having the above mentioned in mind, one could speculate that both taxa have a relatively primitive monoterpenoid biosynthetic "apparatus", capable of producing predominantly metabolites from the "beginning" of the mentioned metabolic pathway. It seems that a similar consideration stands for some other taxa from the genus Vaccinium as well. In different Vaccinium species (V. corrymbosum, V. oxycoccus, V. macrocarpon, V. arctostaphylos) α-terpineol and/or linalool were recognized as major, or one of the major volatile metabolites [14, [25] [26] [27] [28] [29] . Nevertheless, this should be taken with a grain of salt, since only the volatile metabolites have been investigated. In the studied species monoterpenes could be potentially present as glycosides, and thus non-volatile under hydrodistillation and/or GC conditions. α-Terpineol and some other terpenoid compounds were previously also recognized as V. macrocarpon cuticle wax constituents [30] . According to Croteau et al., the presence of these compounds in the cuticle wax could suggest that these substances might have a certain role in the plants' defense mechanisms [30] . Although the relative amount of volatile sesquiterpenoids was considerably lower than that of monoterpenoids in both A. uva-ursi and V. vitis-idaea oils, sesquiterpenoid fractions were, concerning skeleton-types of identified constituents, much more heterogenic (Table 1) . A number of different skeleton-types of volatile sesquiterpenoids were dominant in the oils of the two taxa: farnesanes (5.7%), caryophyllanes (3.7%) eudesmanes (3.0%) in V. vitis-idaea oil and cadinanes (2.7%), eudesmanes (1.4%) and humulanes (1.3%) in A. uva-ursi oil.
Results and Discussion

GC and GC/MS analyses of the essential oils extracted from Arctostaphylos uva-ursi and Vaccinium vitis-idaea leaves enabled the identification of 338 different constituents (243 in A. uva-ursi and 187 in V. vitis-idaea,
It might be assumed that certain volatiles listed in Table 1 , identified in both A. uva-ursi and V. vitis-idaea oils, could be considered artifacts of the isolation procedure, and not direct products of plant metabolism. For example, a number of compounds from the Table 1 are most probably products of Maillard-type reactions including the thermal fragmentation of amino acids and sugars, alone or in conjunction, during hydrodistillation [31] . "Green leaf" volatiles, on the other hand, are most probably produced by enzymatic degradation of unsaturated fatty acids, as in desiccation, i.e. as a stress-induced response of plants, produced during collection and preparation of plant samples [32] . Alongside "green leaf" and other fatty acid derived compounds (FAD), fatty acid and fatty acid esters (F) and carotenoid derived compounds (CD) represented more than one third of both analyzed oils. Volatile profiles of some other representatives of the genus Vaccinium were also dominated by FAD, F and/or CD compounds [13, 33, 34] . All these species could be considered as essential oil-poor species (oil yield less than 0.1%). All mentioned above seems to further corroborate the hypothesis proposed by us in a previous publication [10] . We have noticed that the correlation between the essential oil yield and composition (classes of compounds) exists [10] . Most frequently, essential oil-rich species (oil yield much higher than 0.1%) produce considerable amount of monoterpenoids or phenylpropanoids, while in the oils of essential oil-poor species, FAD, F and CD compounds are the dominant volatile metabolites [10] .
As previously mentioned, there are no reports concerning the volatile metabolites of A. uva-ursi, and there are only two references on V. vitis-idaea volatiles, however different parts of the plant (berries instead of leaves), using a different methodology (minced berries were treated with a pectinolytic enzyme and after that volatiles of the obtained juice and pressed residue were separately studied), have been analyzed [11, 12] . Volatile profile of V. vitis-idaea barriers differs significantly from the corresponding profile of the leaves. For example, the most dominant volatile of the pressed residue of minced berries was benzyl alcohol (40.2%), found only as the minor contributor of the leaves' oil. α-Terpineol and linalool (dominant volatiles of V. vitis-idaea leaves) on the other hand, represented in total only 1.0% of berry extract. This plant organ specification, concerning production/accumulation of volatiles, is not unusual. For example, differences in the chemical composition of Artemisia absinthium root and aerial parts oils pointed out to the possibility that different metabolic pathways could be operational in different organs of the same plant species [35] .
Still, some similarities between V. vitis-idaea berry and leaf essential oil profiles could be observed. For instance, fatty acid related compounds, one of the dominant groups of constituents in the leaf oil, represented a significant portion of the berry extract (ca. 20%) [11, 12] .
Both species analyzed herein belong to the plant family Ericaceae. The latter comprises some 100-125 genera and more than 3,000 species [36] that are, generally speaking, poorly studied in respect to volatile metabolites. Table 2 lists the Ericaceae taxa whose essential oils were previously chemically analyzed using a methodology comparable to that applied in this work [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . Compositional data on the essential oils of the species listed in Table 2 (28 samples in total) were mutually compared by means of multivariate statistical analyses (MVA: AHC and PCA). This was done in order to determine, based on the essential oil profiles, possible mutual alliance of the taxa within the family, especially that of species from the genera Arctostaphylos and Vaccinium. Principal component analysis (PCA) and agglomerative hierarchical clustering (AHC) were both performed using the Excel program plug-in XLSTAT version 2008.6.07. Both methods were applied utilizing the mean values of the relative abundances of the constituents of compared essential oils as variables (only constituents with percentage higher than 1% in at least one sample were taken into account). AHC was determined using Pearson dissimilarity where the aggregation criterion were simple linkage, unweighted pair-group average and complete linkage and Euclidean distance where the aggregation criterion were weighted pair-group average, unweighted pair-group average and Ward's method. PCA of the Pearson (n) type was performed. Results of the MVA analyses are given in Figures 1 and 2 . In the dendrogram of the AHC analysis (Figure 1) , four different classes of samples (C1-C4) can be observed. Class C1 (Obs25-Obs27) groups essential oils (almost pure methyl salicylate) obtained from different parts of Gaultheria fragrantissima (wintergreen) [22] . Class C2 consists exclusively of Rhododendron aureum oils (Obs10-Obs17), all characterized with a high level of the sesquiterpene calarene [17, 18] . Oils obtained from flowers of R. mucronatum and R. simii (Obs5 and Obs 6; high level of linolenic acid) form a separate class C3 [15] . All other samples [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] , including those that correspond to A. uva-ursi (Obs1), V. vitis-idaea (Obs2) and V. arctostaphylos (Obs3 and Obs4) are recognized as statistically not different and grouped in C4. It must be stressed that samples Obs1-Obs4 are basically characterized by very low Euclidian distance. In the same time, different species from the genus Rhododendron are separated in statistically different groups (C2, C3 and C4) [15, 20] . Results of AHC suggest that taxa from the genera Vaccinium and Arctostaphylos are closely related. This is observable from the PCA biplot as well (Figure 2) , where A. uva-ursi (Obs1) and V. arctostaphylos (Obs4) oils are mutually characterized with similar values of F1 and F2 factors. Moreover, samples corresponding to Vaccinium, Arctostaphylos and Arbutus taxa (Obs1, Obs2, Obs4 and Obs28) are, based on PCA results, clearly separated from other considered oils (Figure 2 ). One could find results of both AHC and PCA a bit surprising, having in mind that classical taxonomy places genera Vaccinium and Arctostaphylos in different subfamilies of Ericaceae (Vaccinoidaea and Arbutoidaea) [37] . Results of molecular studies within the Ericaceae clearly separated taxa belonging to the mentioned genera [37, 38] . Nevertheless, mutual alliance of Arbutus and Arctostaphylos (Arbutoidaea; Obs1, Obs22) is recognized by both molecular [37, 38] and chemotaxonomical studies (present work). 
Experimental
Plant material
Leaves of V. vitis-idaea
Isolation of the essential oils
Air-dried, to constant weight, leaves of A. uva-ursi and V. vitis-idaea (three batches of about 500 g of each sample) was subjected to hydrodistillation with ca. 2 L of distilled water for 2.5 h using the original Clevenger-type apparatus [39] . The semi-solid yellowish essential oils (30 ± 1 mg per batch) of both species were obtained with a yield of 0.06% (w/w, typical value). Due to the small sample size of 30 mg of the isolated essential oils, which were not completely liquid, the volume of the oils was not measured. The obtained oils were separated by extraction with diethyl ether (Merck, Darmstadt Germany) and dried over anhydrous sodium sulfate (Aldrich, St. Louis, MO, USA). The solvent was evaporated under a gentle stream of nitrogen at room temperature, in order to exclude any loss of the essential oil, and immediately analyzed. When the oil yields were determined, after the bulk of ether was removed under a stream of N 2 , the residue was exposed to vacuum at room temperature for a short period to eliminate the solvent completely. The pure oil was then measured on an analytical balance and multiple gravimetric measurements were taken during 24 h to ensure that all of the solvent had evaporated.
Gas chromatography and gas chromatography-mass spectrometry
The GC/MS analysis was repeated three times for each sample using a Hewlett-Packard 6890N gas chromatograph. The gas chromatograph was equipped with a fused silica capillary column HP-5MS (5% phenylmethylsiloxane, 30 m × 0.25 mm, film thickness 0.25 μm, Agilent Technologies, Palo Alto, CA, USA) and coupled with a 5975B mass selective detector from the same company. The injector and interface were operated at 250 ºC and 300 ºC, respectively. The oven temperature was raised from 70 ºC to 290 ºC at a heating rate of 5 ºC/min and then isothermally held for 10 min. As a carrier gas helium at 1.0 mL/min was used. The samples, 1 μL of the oil solutions in diethyl ether (1:100), was injected in a pulsed split mode (the flow was 1.5 mL/min for the first 0.5 min and then set to 1.0 mL/ min throughout the remainder of the analysis; split ratio 40:1). mass selective detector was operated at the ionization energy of 70 eV, in the 35-500 amu range with a scanning speed of 0.34 s. GC (FID) analysis was carried out under the same experimental conditions using the same column as described for the GC/MS. The percentage composition was computed from the GC peak areas without the use of correction factors. Qualitative analysis of the essential oil constituents was based on several factors. Firstly, the comparison of the essential oils linear retention indices relative to retention times of C 7 -C 31 n-alkanes on the HP-5MS column [40] with those reported in the literature [41] . Secondly, by comparison of their mass spectra with those of authentic standards, as well as those from Wiley 6, NIST02, MassFinder 2.3. Also, a homemade MS library with the spectra corresponding to pure substances and components of known essential oils was used, and finally, wherever possible, by coinjection with an authentic sample ( Table 1) . Relative standard deviation (RSD) of repeated measurements (independent sample preparations and GC-MS) was for all substances below 1%. The only exceptions which had higher RSD were minor components such as α-agarofuran, (E)-β-ionone, pulegone, safranal and dodecanoic acid where RSD was 2, 6, 7, 9 and 12%, respectively.
Conclusions
Comparison of the compositional data of the essential oils extracted from A. uva-ursi, V. vitis-idaea and 12 other Ericaceae taxa (six different genera; available literature data) pointed out to a high level of similarity of Vaccinium and Arctostaphylos species. Based on the identity and relative abundance of the dominant volatile metabolites produced by the compared Ericaceae taxa, it seems that the level of mutual correspondence between A. uva-ursi and V. vitis-idaea species is more significant than that of any of the two taxa and the rest of the compared species. This is partially due to the fact that α-terpineol and linalool were among the dominant contributors to the volatile profiles of both A. uva-ursi and V. vitis-idaea. Furthermore, the most abundant classes of compounds in both oils were basically the same (monoterpenoids, fatty acid derived compounds and carotenoid derived compounds). All stated above additionally corroborates the same pharmacological applications of two herbs. It must be stressed once again that essential oils may, despite the small yield, contribute to the medicinal properties of the plant [9] .
